Micro-combustor can provide the required thermal energy of micro-thermal photovoltaic (MTPV) systems. e performance of MTPV is greatly affected by the effectiveness of a micro-combustor. In this study, a numerical simulation was conducted to explore the benefits of annular rectangular rib for enhancing the thermal performance of a nonpremixed micro-combustor. Based on the investigations under various rib heights, rib positions, and inlet mass flow rates, it is found that the addition of annular rectangular ribs in the micro-combustor creates a turbulent zone in the combustion chamber, thereby enhancing the heat transfer efficiency between the inner wall of the combustion chamber and the burned gas. e micro-combustor with annular rectangular rib shows a higher and more uniform wall temperature. When the H 2 mass flow is 7.438 × 10 − 8 kg/s and the air mass flow is 2.576 × 10 − 6 kg/s, the optimum dimensionless rib position is at l � 6/9 and r � 0.4. At this condition, the micro-combustor has the most effective and uniform heat transfer performance and shows significant decreases in entropy generation and exergy destruction. However, the optimum l and r significantly depend on the inlet mass flow of H 2 /air mixture.
Introduction
e micro-power system has the characteristics of small capacity, high heat loss, unstable combustion, etc. and is more unstable than macroscopic combustion. Some prototypes of micro-power devices have been extensively developed and studied, like micro-combustion batteries, micro-turbines, and micro-thermal photovoltaic (MTPV) systems. In recent years, micro-thermal photovoltaic (MTPV) systems have been receiving much attention due to their potential application as reliable energy sources. In MTPV system, the heat energy is generated after the combustion of fuel, the radiation wall of micro burner can convert the heat energy into radiation photons with a certain amount of energy through its radiation characteristics, and some of the radiation photons are received by the evenly distributed photocell elements on the wall of micro burner and then converted into electrical energy and output to the outside. Conventionally, micro-combustor often uses hydrogen and hydrocarbon compounds as fuel and has some advantages such as high energy conversion efficiency, simple physical structure, and substantial energy output per unit volume. To enhance the energy conversion efficiency of micro-combustor, a lot of methods have been investigated and reported in the literature. e micro-combustor is designed to achieve improved heat transfer performance, and the improved combustor presents higher and more uniform wall temperature, which is the yardstick for its performance appraisal.
Numerous scholars have established novel micro-combustion chambers by adopting various methods for realizing high and uniform wall temperature. Chou et al. [1] have successfully used porous media. Pan et al. [2] and Li et al. [3] [4] [5] improved flame stability in the microchannel by enhancing heat transfer. Catalytic combustion can be used to improve fuel conversion efficiency [6] [7] [8] [9] [10] [11] .
e Swiss roll combustor's combustion characteristics have been extensively studied by Vijayan and Gupta [12, 13] , Shirsat and Gupta [14] , and Wierzbicki et al. [15] . It can be seen from the results that Swiss roll combustor extremely improves the combustion stability and also extends the extinction limit. Bagheri and Hosseini [16] investigated two different thermal cycling combustors and compared their heat loss, flame propagation, flame thickness, excess enthalpy, velocity, and emitter efficiency. Hosseini and Wahid [17] investigated the characteristics of two difference flameless states of CH 4 /air. eir findings show that micro-flameless combustion is smoother with using bluff-body. Wan et al. [18, 19] proposed a micro cavity-combustor. It can be concluded from their findings that, with the increase of equivalent ratio, the flame limit is extended. Another method which is also considered effective is heat recirculating [20, 21] . e irreversible energy loss caused by combustion of the fuel cannot be neglected. Jejurkar and Mishra [22] carried out related research about the relationship between micro-combustor performance and thermal conductivity of the wall, and the findings of the study show that, at higher thermal conductivities, the wall heat losses unfavorably influenced the exergetic property of micro-combustor. Moreover, the thermal conductivity of the wall in the range of 0.1-1.75 W/m·K was discovered to be appropriate for obtaining high exergetic efficiency and uniform wall temperature. Briones et al. [23] examined the propagation of a layered H 2 -rich CH 4 air flame by numerical method. e results show that as the H 2 content in the fuel increases, both heat transfer and chemical reactivity increase, leading to an increase in entropy. Moreover, MTPV system also has the problem of low total energy conversion efficiency [24] [25] [26] [27] . Research has indicated that the uniformity of combustion chamber wall temperature influences the energy conversion efficiency of MTPV system [28] . In addition, [4, 23] Li et al. [4, 29, 30] established that the use of porous media contributed immensely to the wall temperature rise, which translates into the efficiency of the combustor. Yang et al. conducted experiments by adding heat recuperator [30] or a block [31] insert in micro-combustors. e results show that both methods can effectively improve the uniformity of wall temperature distribution. Jiang et al. [32, 33] researched the effect of block inserts (baffles) on combustor efficiency. e effective position of the baffles was ascertained, which significantly improved the uniformity of the wall temperature distribution. Tang [34] and Su et al. [35] established a multichannel micro-combustors for micro-thermal photovoltaic systems. Under various conditions, the premixed H 2 / air mixture combustion behavior was researched. e results show that the outer wall temperature of the multichannel micro-combustor is significantly enhanced compared to the single-channel micro-combustor. Chen et al. [36] [37] [38] used the lattice Boltzmann model to solve the governing equations of the premixed and nonpremixed reverse jet H 2 -air combustion process and found different entropy generation analysis features from previous studies. Moreover, Emadi and Emami [39] investigated the exergy loss and the local entropy generation of CH 4 -air bluff-body flame burning in the combustor under turbulent nonpremixed H 2 -enriched.
It was shown that exergy loss and entropy generation are reduced by adding H 2 . Datta [40] investigated diffusion flames in constrained geometries at different gravity levels to analyze the effect of gravity on the second law efficiency and entropy production rate. e results showed that, under normal gravity, the entropy production rate caused by heat transfer was significantly increased compared to zero gravity and, at all gravity levels, the entropy production rate caused by chemical reactions and mass transfer was almost constant.
ese experimental studies reveal the importance of flame stability and thermal characteristics to the combustor performance and introduce several effective combustion chamber structural designs and methods. Ban et al. [41] studied the effect of buoyancy on different flames by examining the flame shape for horizontally oriented combustors. However, they did not study the effect of extended surfaces for better heat transfer. Resende et al. [42] summarized the pertinent investigations revolved around nonpremixed diffusion combustion regime, which is commonly employed in practical systems. e review has pinpointed important factors for realizing improved burner performance such as the burner configuration. Research is still relevant to nonpremixed H 2 /air combustion by considering some influential geometric parameters that promote the efficiency of the combustion process. is study is aimed at finding a suitable combustion structure that provides elevated outer wall temperature and exhibits effective and uniform heat transfer distribution for the nonpremixed micro-combustor. A nonpremixed micro-combustor with annular rectangular rib was proposed, and the effect of annular rectangular ribs on the heat transfer performance of the nonpremixed micro-combustor was numerically investigated under varying air and H 2 mass flow rate, rib position, and rib height. Figure 1 shows the schematic of a micro-combustor combining a backward step and a cavity [43] . e micro-combustor has an overall maximum outer diameter of 1.6 mm and a length of 12 mm. e front end and the rear end of the micro-combustor have dissimilar internal contours. e front end is contoured into four tubes: the suction pipe A, the mixing pipe B, the diffusion pipe C, and the shrink pipe D. Hydrogen and air simultaneously enter into the micro burner through the inlet side; the hydrogen inlet is a circular shape with a diameter of 0.2 mm, and the air inlet is an annular passage with the outer diameter of 0.862 mm and the inner diameter of 0.6 mm.
Numerical Model

Physical Model of Micro-Combustor.
Hydrogen and air enter the micro-combustor through the central circular passage and the outer annular passage of the suction pipe A, respectively. e shrinking shape of the straw A enables the air and hydrogen to obtain oblique velocities toward the centerline. In the mixing pipe B, air and H 2 are mixing. Furthermore, the arrangement of the diffuser tube C enables the dynamic pressure portion to be converted into static pressure, thereby increasing the pressure difference, while the suction efficiency is also enhanced by the 2
Journal of Chemistry action of the diffuser pipe C.
e shrinkage pipe D is provided to prevent tampering [44] .
As shown in Figure 2 , the model shown in Figure 1 is modified by adding an annular rectangular rib at a certain distance from combustor inlet, and the channel is divided into two parts. e fixed width of the annular rectangular rib is 1.0 mm, and the position (L3) and height (H) of the annular rectangular rib are variable geometric parameters. By setting the height and position of the dimensionless annular rectangular ribs to r � 2H/d3 and l � L3/L1, respectively, the effect of the annular rectangular ribs on the outer wall temperature of the micro-combustor can be investigated.
In nonpremixed micro-combustor, to better study the influence of ribs on the combustion characteristics, as shown in Table 1 , the optimum rib positions and rib heights that are suitable for higher efficiency of a micro-combustor were determined. e model parameters of four different rib heights and different rib positions are set in this study to conduct a thorough parameter comparison study. e combustors shown in Figures 1 and 2 are both made of steel material with good thermal conductivity and good corrosion resistance.
Mathematical Model.
In combustion simulation of micro-combustor, assuming hydrogen with light weight, small volume, long life, and high-efficiency density, in the reactants, gaseous substances can be considered as a continuous medium, expressed by the Navier-Stokes equation. Owing to the mass flow of H 2 and the low rate of air, the effects of dissipative forces and fluid volume are ignored. e modeling considers various equations. ese equations are defined as follows:
Conservation equation of mass:
Momentum conservation equation:
Energy conservation equation:
Species equation:
Wall energy conservation equation:
Ideal gas equation:
For the sake of acquiring the optimum annular rectangular ribs settings to enhance the temperature and its uniformity of the outer wall, the positions of the ribs and the rib heights geometry were varied and studied using numerical simulation. In the analysis, the outer wall temperature difference is adopted in expressing the uniformity of heat transfer of the micro-combustor, and its outer wall temperature difference can be expressed as follows:
Entropy transport equation:
Consequently, the total entropy generation S gen is written as follows:
In a combustion process, because the exergy destruction E des and the total entropy generation are in the direct ratio, it is expressed as follows:
Computational Mesh and Boundary.
Due to the complexity of the geometric model, which consisted of a backward-facing step and four pipes, numerical simulation of 2D models using CFD Fluent 19.0 was carried out. Some researches [43, 45, 46] have suggested that the turbulent model can accurately predict combustion behaviors at the inlet flow Re > 500. As a result, standard k-ε model is chosen in this work. e combustion reaction only involves the combustion of hydrogen; the chemical kinetic mechanism of Fluent was adopted.
is mechanism comprises 11 Φ 0.862 Journal of Chemistry elementary species, and the detailed chemical reaction mechanism is shown in Table 2 .
In the research, the simulated combustion of microcombustor uses standard k-ε model. e H 2 and air mass flow rates are both considered as the inlet boundary conditions, while the outlet pressure was used as the outlet boundary condition. e ambient temperature is 298 K and the ambient pressure is 1.01 × 10 5 Pa. At the same time, the no-slip boundary condition is adopted. Both convective and radiative heat transfer of the environment are considered in the outer wall of the combustion chamber. For the convergence criterion, it is also necessary to set the residual value; the residuals for velocity and continuity are set as 1 × 10 − 3 , and the residuals for do-intensity and energy are set as 1 × 10 − 6 . e equations involved are all set to secondorder upwind scheme discretization.
is study presents the nonpremixed micro column combustor, with an annular rectangular shape rib. erefore, in order to expedite the calculation process, the analysis was simplified to a two-dimensional numerical analysis at the center of a section. Table 3 provides the model boundary condition; massflow-rate boundary condition was adopted for inlet, and the pressure-outlet boundary was employed for the outlet. In both boundaries the gauge pressure is set to 0 MPa.
A unified 2D grid is built to calculate the heat transfer and the combustion in the micro-combustor. A model grid of micro-combustor is generated as presented in Figure 3 . For the case where the value of equivalence ratio is 1.0, the air and H 2 mass flow rates are maintained at 4.632 × 10 − 6 and 1.347 × 10 − 7 kg/s, respectively. Grid-independent testing was performed by modifying the number of elements to a finer one and is presented in Figure 4 . By observing and comparing three different grids, the three grids have 15719, 19061, and 23987 cells, respectively. e mesh with 15719 Note: A k is the preexponential factor of reaction rate, β k is the temperature exponent, and E k is the activation energy of the reaction. Journal of Chemistry cells and the mesh with 23987 cells are of the highest and lowest temperature on centerline, respectively. Moreover, temperature difference of the resulting centerline temperature profile is diminutive under three different numbers of grids. erefore, the mesh with 19061 cells has better accuracy and less computation time, making it more suitable for numerical investigation.
Model Validation.
e simulated results were compared with the experimental results to confirm the validation of the model. And the experimental results are obtained from the group of E. In the experiments in a silicon material microcombustor, the H 2 and the air mass flow are maintained at 1.347 × 10 − 7 kg/s and 4.632 × 10 − 6 kg/s, respectively. e measurement points of the experiment are situated at 2, 5, 8, and 10 mm in the axial length of the micro-combustor.
Experimental outer wall temperature at varying combustor lengths [43] and the numerical prediction are compared as represented in Figure 5 . e temperature data of the corresponding position is calculated by simulating the hydrogen inlet mass flow of 1.347 × 10 − 7 kg/s and the equivalence ratio of 1.0. In order to obtain a viable model, the deviation of the experimental results and the numerical results should be as small as possible. As can be seen from Figure 5 , the deviation is less than 4.72%. erefore, it is feasible to analyze the performance of the micro-combustor by simulation.
Results and Discussions
Effects of Annular Rectangular Rib on Outer Wall
Temperature. Figure 6 shows the temperature cloud diagram of different r and l. From the figure, it can be observed that the change in rib positions and rib heights of the annular rectangular ribs in the micro-combustor is proportional to the temperature distribution of flow field. Figure 7 presents the temperature distribution of the outer wall that the microcombustor has under different l and r. e inlet H 2 and the air rates of mass flow were maintained at 7.383 × 10 − 8 kg/s and 2.573 × 10 − 6 kg/s with an H 2 /air equivalent ratio of 1.0. It can be seen from the figure that when the l of the microcombustor is a fixed constant, the temperature at outer wall increases as the r increases. is can be explained by the fact that, by the raise of the dimensionless rib heights, the turbulence zone becomes wider, and the turbulence area at the rear of the annular rectangular rib expands in proportion to the dimensionless rib heights, effectively improving the heat transmission capability of the micro-combustor. However, it is worth noting in Figure 8 that the optimum settings for the maximum outer wall temperature are at l � 5/ 9 and r � 0.325. e good performance obtained is a result of the ribs being very close to the center of the flame, reducing the positive impact of expanding the turbulence area and weakening the negative influence of the annular rectangular ribs on the heat transmission of the micro-combustor.
It can be seen from Figure 8 (a) that the l of microcombustor is a fixed constant, and the mean outer wall temperature increases proportionally with the r. e changing trend of Figure 8(a) is the same as the change of the temperature distribution of outer wall in Figure 7 . Figure 8(b) shows the temperature difference of the outer wall temperature at different rib positions and heights. e uniformity of the heat transfer of the combustor is manifested by the magnitude of the outer wall temperature difference. e smaller the difference of temperature, the Journal of Chemistry more uniform the heat transfer. Also, the temperature difference is maximum at l � 5/9 and r � 0.325; the temperature difference is minimum at l � 6/9 and r � 0.4, and more effective uniform heat transfer is realized. By varying the inlet mass flow rate and repeating the above simulation experiment procedure, the results shown in Figures 9 and 10 were obtained. e inlet H 2 and the air mass flow rate were maintained at 1.347 × 10 − 7 kg/s and 4.632 × 10 − 6 kg/s, respectively, leading to the results obtained in Figure 9 . Similarly, the inlet H 2 and the air mass flow rates were maintained at 1.646 × 10 − 7 kg/s and 5.661 × 10 − 6 kg/s, respectively, producing the results obtained in Figure 10 . Both results were obtained at equivalence ratio of 1.0. It was observed that the position and height of the ribs with the minimum and maximum outer wall temperature are affected. is is because the increase in inlet mass flow speeds up the mass flow rate of the inlet, causing the center of the flame to move toward the rear of the micro-combustor. It can be seen from the result that the positions and heights of the rib with the best heat transfer efficiency are influenced by inlet mass flow rate and vary as the inlet flow rate changes.
Effects of Annular Rectangular Rib on Field Entropy
Destruction. Exergy destruction is energy that cannot be converted into useful work in a reversible process. To further Journal of Chemistry demonstrate the combustion characteristics of the ribbed micro-combustor, it can be analyzed by entropy generation and exergy destruction. Figure 11 shows the change of total entropy generation at various rib positions l and heights r. e different rib positions and heights have an important influence on the entropy field. It is shown that at l � 6/9 and r � 0.4, the total entropy generation decreases significantly. is is due to the potential to lose more available energy at high gas temperatures. Equation (10) was used to generate the exergy destruction results under various rib positions and heights, as presented in Figure 12 . It is easy to see that the exergy destruction decreases drastically at l � 6/9 and r � 0.4. e results presented in Figures 10 and 13 are both obtained at H 2 and air mass flow rates maintained at 1.347 × 10 − 7 kg/s and 4.632 × 10 − 6 kg/s, respectively, and H 2 /air equivalent ratio of 1.0. e change trend is the same as the outer wall temperature change trend.
Effects of Annular Rectangular Rib on Field Synergy Angle.
e field synergy principle is an important factor to be considered to further demonstrate and analyze the problem of heat transfer enhancement of micro-combustors. us, the field synergy equation of the thermal boundary layer is integrated to prove that reducing the angle between the temperature gradient and the velocity vector is an effective measure to enhance the convective heat transfer. e Journal of Chemistry intensity of heat transfer in the micro-combustor can be more intuitively represented by the field synergy angle. e nonpremixed micro column combustor was analyzed by the concept of field synergy principle. is principle shows that heat transfer is affected by the characteristics of the temperature field, the velocity field, and also the angle of synergy between the velocity vector and the temperature gradient:
e dot product of the temperature gradient and the velocity vector can be written as follows:
Since this study established a 2D axisymmetric model, the synergy angle between the velocity vector and the temperature gradient is expressed as the following equation: Figure 14 shows the temperature cloud diagram of different rib positions l and rib heights r. After adding the ribs on the micro-combustor, to see the change of the field synergy angle more clearly and intuitively, the cosine value is Journal of Chemistry converted into an angle and the angle is treated as a range of 0°-90°; that is, the angle of 90°-180°takes its complement angle.
A conclusion can be drawn from Figure 12 that the field synergy angle of a nonpremixed micro-combustor having annular rectangular ribs is lower than the field synergy angle of a micro-combustor without ribs. It has been proved again that after the ribs are added, the heat transfer of the microcombustor is enhanced. Similarly, it was established that when the inlet H 2 and the air mass flow rates are maintained at 7.438 × 10 − 8 kg/s and 2.573 × 10 − 6 kg/s, respectively, at H 2 / air equivalent ratio of 1.0, l � 6/9, and r � 0.4, the field synergy angle is minimum, and the best heat transfer performance is obtained. 
Effect of Annular Rectangular Ribs on Micro-Combustors
at Various H 2 /Air Equivalent Ratios. As shown in Figure 15 , when H 2 mass flow is maintained at 7.438 × 10 − 8 kg/s, the micro-combustor with annular rectangular ribs (l � 6/9, r � 0.4) has a higher outer wall temperature at different equivalence ratios (u � 1.0, 0.9, 0.8, and 0.7). Moreover, the mean temperature of outer wall and its temperature difference were also compared to better analyze the difference in heat transfer performance between the two combustors at various equivalent ratios. As can be seen from Table 4 , the micro-combustor with annular rectangular ribs (l � 6/9, r � 0.4) is compared to those without ribs under varying equivalence ratios. Better performance can be obtained by adding annular rectangular ribs to the micro-combustor, and the outer wall temperature of the improved combustor is higher and more uniform at different equivalent ratios.
Conclusions
e combustion characteristics of nonpremixed H 2 /air micro-combustors with and without annular rectangular rib are analyzed by numerical investigation on the temperature distribution, heat transfer uniformity, and field synergy angle in combustion chamber. e combustion characteristics of micro-combustors under various rib positions, rib heights, and equivalent ratios were analyzed. Some specific conclusions can be summarized as follows:
(1) e use of annular rectangular ribs can create a turbulent zone in the micro-combustor, which enhances the heat transfer efficiency between the inner wall of the combustion chamber and the burned fuel. (2) As the annular rectangular ribs approach the flame center, the positive effect of turbulent zone will be weakened, and the temperature will not increase with the increase of fin height. Also, as the rib height increases, the turbulence zone becomes wider and increases; consequently, the heat transfer performance is enhanced. (3) When the H 2 mass flow rate is 7.438 × 10 − 8 kg/s and the air mass flow rate is 2.576 × 10 − 6 kg/s, the most uniform heat transfer and a minimum field synergy angle are obtained at l � 6/9 and r � 0.4. Meanwhile, the entropy generation and exergy destruction are significantly decreased. However, the optimum l and r greatly depend on the inlet mass flow of H 2 /air mixture. (4) Based on the comparisons between both combustors performance under various equivalence ratios, it was established that the micro-combustor with annular rectangular ribs contributes significantly to a higher and more uniform outer wall temperature. 
